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S.1 Simulation details

To mimic the vascular flow, we impose x-direction external forces on oxygen atoms of water
molecules in the ectodomain. Since periodic boundary conditions are applied on three directions, there
would be some water molecules with imposed force in the ectodomain propagating to the cytoplasmic
side through the periodic boundary in the z direction. To prevent the propagating water molecules from
disturbing the micro-environment of the cytoplasm, graphene layers with total thickness of 2 nm,
located 58 nm above the lipid membrane, have been added on the top of the system Figure S 1),
forming an effective division between the ectodomain and the cytoplasm. Thus, the space along the z
direction has been divided into two compartments: the ectodomain compartment, containing all HS
sugar chains, Syn-4 ectodomain in connection with HS sugar chains, water molecules and ions, which
starts from the lipid membrane top surface to the base of graphene layers; and the cytoplasmic
compartment, with Syn-4 cytoplasmic subdomain inside, which occupies the space beneath the

membrane.
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Figure S 1 Schematic of the flow/glycocalyx system with graphene layers. Graphene layers are
added on the top to prevent the water molecules propagating from ectodomain to the cytoplasm

due to the periodic boundary conditions.
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As mentioned in the main text, our glycocalyx system is adapted from Cruz-Chu’s [1] equilibrated
structure. In their structure, no graphene layers are provided, and the ectodomain and cytoplasm are of
equal dimensions. Since we focus on the flow in ectodomain and graphene layers are required as
boundary, we first rearrange the water distribution by moving the basal cytoplasmic equilibrated water
molecules to the ectodomain apical region, followed by graphene layers being added on the top of the
newly formed ectodomain. A simulation using an NPT ensemble with graphene layers being fixed is
conducted at 1 atm and 310K using a Langevin thermostat and a Nosé-Hoover Langevin piston for 2
ns, followed by another simulation in a NVT ensemble using a Langevin thermostat to keep
temperature at 310K for 0.5 ns. The last frame of the NVT simulation, then, is used as the initial
configuration (as shown in Figure 1 in the main text) of the follow-up flow simulations. In the flow

simulations, the Lowe-Andersen thermostat has been selected to maintain temperature at 310K.

S.2 External force and resulting flow

Cruz-Chu [1] mimicked flow passing through an endothelial glycocalyx layer (EGL) by applying
external forces of 0.001pN on every oxygen atom of water molecule in the ectodomain side. The
resulting average velocity of the bulk flow under this external force can be as large as 10 m/s, which
is higher compared with previous experimental results [2]. To get an overview of the order of the

velocity in the endothelial glycocalyx layer, we conducted the following derivation.

The thickness of an endothelial glycocalyx layer is usually less than 500 nm, and in Cruz-Chu’s
[1] and our cases the EGL is 50 nm high. Poiseuille’s law is used to estimate the order of magnitude
of the velocity for the EGL, and schematic for estimating the velocity is shown in Figure S 1. For a

pipe flow, the velocity (u) at a certain radius and the maximum velocity (umax) follows

22
Uy :u(R Rzr j (S1),
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where R is the radius of the vessel, and r is the distance between the top of the EGL and the centre of

the vessel.

Figure S 2 Schematic for estimating the order of magnitude of velocities in the glycocalyx layer.

Capillary and aorta are taken as instances here. Estimated orders of magnitude of peak velocities

of the EGL for both types of vessels are summarised in Table S 1.

Table S 1 Estimated orders of magnitude of peak velocities of EGL

Vessel Type R Umax u/mm-s?
capillary 1~10 pum [3] ~cm/s [2] 0.1~1
aorta ~cm [4] 0.1~1m/s[5, 6] 0.001~0.01

Thus, the order of the velocities for EGLs is expected to be 0.001 ~ 1 mm/s.

To generate a physiological flow, we systematically decreased the external force on every oxygen
atom of water molecules in the ectodomain, and then calculated the average x-direction velocity of the
bulk flow (vx) by averaging all the x-direction velocities of water oxygen atoms in the ectodomain.
Through iterations, we found that with external force of 0.002 fN~0.0035 fN, the average of v
fluctuates in the vicinity of 0 m/s. This is consistent with the Weinbaum et al [7] estimation.
Considering the computational expense in covering all the velocities in the range of 0.001 to 1 mm/s,

the current velocity range under the external force of 0.003fN is chosen. Thereafter, we selected
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0.003fN as external force, and prolonged the flow simulation to 30 ns. Figure S 3a illustrates the x-
direction velocity time evolution at external force of 0.003fN. To reduce noise in the simulations, time-

averaging of the velocities at different intervals has also been conducted.

a Velocity Evolution @ fE)d =0.003 fN b 234 Average Positions of C, N and P Atoms of Upper Lipid Heads
15 o—e instantevery0.1ns
$—& average every 0.5 ns
$—4 averageevery 1.0ns
10t
o 5 10 15 20 25 30
£ time/ns
—_— C PROTEIN atom number d SUGAR CHAIN atem number oo
50 s 0
>
" asn 40
Eao £ w
— -
=20 s 2 g
160 2400
-1.0 10 10 ‘
‘ ‘ w00 roeme 1200
0 5 10 15 20 25 30 o e —— o M
t, / 0 5 19 15 20 25 30 0 5 10 15 20 25 30
Ime / ns time / ns time / ns

Figure S 3 Velocity evolution of water molecules and geometric information of the glycocalyx-
flow system. a. Evolution of x-direction average velocity of oxygen atoms of water molecules in the
ectodomain under the external force of 0.003fN. Blue dots represent the instantaneous average velocity
at every 0.1 ns; Green and red dots represent the time-averaged velocity with intervals of 0.5 ns and 1
ns, respectively. b. Average positions of C, N and P atoms of upper lipid heads during the 30-ns
simulation. ¢. Atom number distribution of proteins above the lipid membrane throughout the 30-ns

simulation. d. Atom number distribution of sugar chains throughout the 30-ns simulation.

S.3 Binning methods in this research
In this research, to study flow structures, different binning methods were used. Figure S 4

illustrates binning methods used in this research.
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Figure S 4 Schematic of binning methods used in this research

S.4 Details for geometric division

As mentioned in the main text, the ectodomain can be categorised into three sub-regions in terms
of molecule varieties therein. The near wall region, starting from the upper surface of the lipid bilayer
and ending at the apex of Syn-4, contains Syn-4 ectodomain, a few sugar chains, water molecules and
ions. The dendritic region, from the apex of Syn-4 to the furthest end of the sugar chains and containing
sugar chains, water molecules and ions, features its tree-like structure.The flow region, above the
dendritic region, only includes water molecules and ions. To measure the dimension of each sub-region,
we first determined the height origin of the ectodomain space (/4o in Figure 1 in the main text) by the
average positions of heavy atoms of the upper lipid heads.

To draw the boundaries of the sub-regions, the height origin of the ectodomain (%o in Figure 1 of
the main text) needs to be first determined. The average position of heavy atoms (including carbon,
nitrogen and phosphor) of the upper lipid heads throughout the 30-ns simulation is appointed as the
height origin. During the 30-ns simulation, the average positions of the heavy atoms fluctuate at 23 A
(23 A is the absolute position in the z direction) as shown in Figure S 3b, which will be used as the
height origin of the ectodomain in further discussion.

The dimension of each sub-region is then determined by the steric information of hallmark
biomolecules during the 30-ns simulation. Apexes of proteoglycans and sugar chains are individually

declared as boundaries of near wall and dendritic sub-regions. To locate the apexes, the ectodomain
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originating from the height origin (z coordinate equalling 23 A) to 50 nm above has been equally sliced
into 25 sub-layers with layer thickness of 2 nm (Figure S4a). Within each sub-layer, the numbers of
proteoglycan and sugar residue atoms have been counted. The apical positions of the character
biomolecules are then determined by the highest layers containing the biomolecules of interest among
all frames of the 30-ns simulation. Figure S 3¢ and d illustrate the atom number distributions of
proteoglycan and sugar residue atoms throughout the 30-ns simulation. According to the distributions,
the apexes of proteoglycans and sugar chains are located at 12 nm and 36 nm, respectively. Thus, the
heights of the near wall sub-region (/wg in Figure 1 of the main text) and the dendritic sub-region (44

in Figure 1 of the main text) are set to 12 nm and 36 nm, together with /s equalling 50 nm as designated.

S.5 Judgement for laminar flow

Reynolds number, Re, is defined as

|
Re = % (S2),

where p is the fluid density, u is the flow velocity, | is the characteristic length and x is viscosity.

In this research, water density is 10 kg/m?, the characteristic length is 50 nm, and viscosity of TIP3P
water model is 0.321 mPa-s [8]. According to the velocity evolution in Figure S3a, the maximum flow
velocity is smaller than 1 m/s under the external force of 0.003fN. Incorporating these values then

gives the estimation of Re to be far less than 100 (<< 10,000), so the flow is classified as laminar flow.

S.6 In Silico experiment as control group

To verify whether the zigzag velocity profiles (Figures 2 and 3 in the main text) stem from the
presence of the glycocalyx or they are consequences of noise of the MD methods, we conducted an
additional in silico experiment as control. In this experiment, an equilibrated system with only water
molecules, ions and the lipid membrane was selected as initial configuration (Figure S 5). All the

water molecules are located above the lipid membrane. The dimension of the system is 135 x 140 x
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375 A3 with the height of water being 330 A. The whole system comprises about 391,000 atoms. We
conducted equilibrium simulations for 1 ns in the NVT ensemble with the Lowe-Andersen thermostat
as used in the flow simulation.

In the post-processing of the flow simulation, when the ectodomain is divided into 25 sub-layers
(as shown in Figure S 4a), each layer contains 40,000 to 50,000 water molecules. To be consistent
with the flow simulation, we divided the water region of the control group into two layers each of
which contains 38,000 to 43,000 water molecules. We then calculated the average x-direction velocities
of both layers for each frame, followed by calculating the average velocity differences between the

layers every 5 frames. So we obtained a distribution of the velocity differences of the control group.
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Figure S5 Initial configuration of the control group and division of the water box.

Similarly, we calculated the velocity differences between two adjacent sub-layers in each sub-
region of the flow system in the main text, and averaged the velocity differences every 5 frames. Also,
we obtained three distributions of the velocity differences for the three sub-regions.

Finally, we compare the distributions of velocity differences between the control group and every

sub-region using a Kolmogorov-Smirnov test; the P-values are listed in Table S 2. The null hypothesis
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of the Kolmogorov-Smirnov test is that the two samples are drawn from the same distribution, so we
can conclude that the zigzag velocity profile is not from MD noise, but mainly stems from the
disturbance of the glycocalyx constituents.

Table S 2 P-values of Kolmogorov-Smirnov tests for the control group and the flow simulation

Samples P-values
(near wall, control) 0.004
(flow, control) 0.007

(dendritc, control) 0.004
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S.7 Statistical tests in this research

Table S 3 P-values of tests

Figure in the

Samples Tests P-values
main text
Velocity var(x =0, x = -8 nm) 0.038
Figure 2 Bartlett
Velocity var(x = -4 nm, x = -8 nm) 0.030
(Vwg, va) 0.06
Kolmogorov-
Figure 3d (vd, vr) 0.84
Smirnov
Var(vwg, vd) 1x10°®
Figure 3e Var(vd, vf) Fligner 2.9x107
Var(ng, Vf) 0.28
(Twg, Td) 7x107
Kolmogorov-
Figure 6a (td, ) 0.049
Smirnov
(tues 1) 7x10°
(twels 7} 2107
Kolmogorov-
Figure 6b (|zdl, |z) 0.039
Smirnov
(Irwel, [zd) 5x107
one-dimer (|zwgl, |zd]) 2x10°°
Kolmogorov-
one-dimer (|zdl, |zf]) 0.13
Smirnov
Figure 6d one-dimer (|zwgl, |zd]) 8x107
[twe|/|7 (one-dimer,three-dimer) 0.61
Chi-square
0.71

|zd|/|z (one-dimer,three-dimer)
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S.8 Distributions of streamline lengths and vorticity

Streamlines and vortices of the flow have been investigated in three layers parallel to the XOY
plane. These three layers are individually extracted from the near-wall, dendritic and flow sub-regions
at heights of 8 nm, 24 nm and 46 nm, respectively.

The streamline and vortex distributions in Figure 4a and Figure4b are time-averaged results for 5
instants, including 29.2, 29.4, 29.6, 29.8 and 30 ns. To find the distribution differences among the three
layers, the probability density curves for the three layers are compared. Before comparisons, the
probability density curved were first validated convergent by checking whether probability density
curves change significantly when more data is included. As shown in Table S 4, when time increases
to 30 ns, the probability density curves for streamlines and vorticity in three layers remain stable. Thus,
the probability density curves for streamline lengths and voriticity are convergent, and in the main text
we use the probability density curves enumerating from 29.2 to 30.0 ns to compare streamlines and

vorticity in the three layers of interest.
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Table S 4 Convergence of the Streamline Length and Vorticity Probability Density Distribution

h=8 nm h =24 nm h =46 nm

0.040 . . 0.040 0.040
— 29.2nst029.6ns — 292nsto296ns — 292nsto29.6ns
0035 — 29.2nsto29.8ns 0.035 — 292nsto298ns 0.035 — 292nsto29.8ns
= 29.2nsto30.0ns — 29.2nsto30.0ns — 292 nsto30.0ns

0.030 0.030 | 0.030

0.025 0.025

Streamline length o020

0.015 0.015

0.025
0.020
0.015
0.010 0.010

0.010

0.005 0.005 0.005

0.000
120 ] 20 40 60 80 100 120

0.000 0.000
o 20 40 60 80 100 120 0

= 292nsto296ns
— 292 nsto29.8ns
= 292 nsto 30.0nNns

= 292nsto296ns
— 292 nsto29.8ns
= 292 nsto 30.0ns

Vorticity
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Cumulative density functions (CDFs) of the streamline length and vorticity of the three selected
layers are also calculated, as shown in Figure S 6. The three CDF curves of streamline length in Figure
S 6a are entangled, which implies that the glycocalyx constituents may not exert effects on the
streamline lengths. By contrast, in Figure S 6b, when vorticity is weaker than 3.4 x<10° s*%, vortices
in the flow region (h=46 nm) have the highest probability density, which means that the glycocalyx
favours strong vortices. Between the near-wall and dendritic regions, a slightly higher probability of

vorticities stronger than 3.4x10%s"’can be observed in the former (h=8 nm).
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Figure S 6 CDFs of streamline lengths and vorticity of the three selected layers. (a) CDFs of

streamline lengths; and (b) CDFs of vorticity. Legend is valid for both panels.
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S.9 Calculation of the shear stress

Discrete form of Eq. (1) in the main text can be written as Eq. (S3) by forward difference

method.

=
Il
w®

In Eq.(S3), index i (0 <i < 25) represents the i-th sub-layer defined in Figure S2a, and the

denominator, indeed, is the height of each sub-layer (2 nm).

The shear stress in each sub-region (zwg, 74, and =) is then calculated by averaging sub-layer

i+1

X,i+1 _Vx,i

z

-7

(S3)

shear stresses therein. For example, the near-wall region is 12 nm in height and contains 6 sub-layers.

For a certain instant, the average shear stress in the near-wall region, zwg, is calculated as

Twg

Analogously, average shear stresses in the dendritic and flow sub-regions are

T4

1 24
Ts :EZTi

The magnitudes of the three sub-regional shear stresses, for a certain instant, are

1

1 5
520

17

= — Ti
1143

i=19

1 5
‘TWG‘: g;ri

|Td|:‘

1

11

1

ifi

i=7

i=19

(S4)
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As mentioned in the main text, the sub-regional shear stresses are recorded every 0.1 ns of the 30-
ns simulation, thus, each sub-region has a shear stress array containing 300 elements. The histogram
of Figure 6a shows the distributions of elements in the shear stress array. Similarly, Figure 6b illustrates

the distributions of elements in the shear stress magnitude array.
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